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Transcription factors of the GATA-family are essential for proper development of diverse tissues or cell types. GATA-1 is
required for differentiation of two hematopoietic lineages (red blood cells and megakaryocytes), whereas GATA-3 is essential
for T-cell development. Functional studies suggest that many properties of the GATA-family of proteins are shared and
largely interchangeable. To test whether the function of GATA-1 in erythroid differentiation can be replaced by another
GATA-factor, we generated a knock-in mutation of the GATA-1 locus in which GATA-3 cDNA was introduced by gene
targeting. Mutant embryos (designated G1G3ki), though embryonic lethal, exhibit partial rescue, characterized by increased
survival of erythroid precursor cells and improved hemoglobin production. The basis for the incomplete extent of rescue
is likely to be complex, but may be accounted for, in part, by insuf®cient accumulation of GATA-3 protein (compared
with the normal level of GATA-1). Our ®ndings suggest that GATA-3 protein is functional when expressed in an erythroid
environment and is competent to act on at least a subset of erythroid-expressed target genes in vivo. q 1998 Academic Press
INTRODUCTION development. GATA-2 is highly expressed in immature
multipotential progenitors, and very likely hematopoietic
stem cells, as well as in mast cells, megakaryocytes, andTranscription factors of the GATA-family are required for
early erythroid precursors. Loss of GATA-2 expression leadsthe development of diverse tissues or cell types in vivo (Kuo
to a profound de®cit in hematopoietic progenitor cells, re-et al., 1997; Molkentin et al., 1997; Orkin and Zon, 1997).
lated to a failure to proliferate or survive in the presence ofRecognition of a consensus motif {(A/T)GATA(A/G)} by
hematopoietic cytokines (Tsai et al., 1994; Tsai and Orkin,these proteins is mediated by novel zinc-®nger structures
1997). Expression of GATA-3 is restricted in hematopoietic(Martin and Orkin, 1990). GATA-motifs are present in regu-
cells largely to the T-lymphoid lineage (Ho et al., 1991; Kolatory elements (promoters, enhancers, or locus control re-
et al., 1991; Yamamoto et al., 1990), where it is required atgions) of numerous genes (Orkin, 1992). The expression of
an early step in their differentiation (Ting et al., 1996), asGATA-1, the founding member of the family in vertebrates
well as later for cytokine production by Th2 cells (Zheng(Evans and Felsenfeld, 1989; Tsai et al., 1989), is restricted
and Flavell, 1997). Although it has been reported that devel-to the hematopoietic system with the sole exception of Ser-
opment of fetal-liver derived (adult) hematopoietic cells istoli cells of the male testis (Ito et al., 1993; Orkin, 1992).
arrested in the absence of GATA-3 (Pandol® et al., 1995),GATA-1 is particularly abundant in both maturing ery-
analysis of chimeric mice generated with GATA-30/0 em-throid and megakaryocytic precursors, where it has been
bryonic stem (ES) cells indicates that GATA-3 is dispens-shown to be essential for cellular maturation and for the
able for differentiation of non-T- lymphoid hematopoieticproper coupling of differentiation with apoptosis and/or cel-
cells (Ting et al., 1996).lular proliferation (Fujiwara et al., 1996; Pevny et al., 1991;
How GATA-factors act to regulate expression of variousShivadasani et al., 1997). The related factors GATA-2 and
target genes is incompletely understood. Functional analy-GATA-3 are also important for aspects of hematopoietic
sis of GATA-factors has been examined largely in the con-
text of reporter genes in heterologous cells. Under these
conditions, all GATA-factors behave as strong transcrip-1 Current address: Millennium Pharmaceuticals, Inc.
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ATG to the translation terminator, was positioned between Nco Itional activators with an essential activation domain lo-
and Not I restriction sites in the vector (see Fig. 1). The targetingcated near their N-termini (Evans and Felsenfeld, 1991; Mar-
vector was linearized with Sal I prior to use.tin and Orkin, 1990). Where function has been studied in a
more biologically relevant context, evidence has suggested
that many properties of these factors are largely inter-
Generation of G1G3ki Embryonic Stem (ES) Cellschangeable. For example, induction of megakaryocyte dif-
and G1G3ki Miceferentiation in a murine myeloid cell line is induced by
forced expression of GATA-1, 2, or 3 (Visvader et al., 1992).
The G1G3ki construct was electroporated into J1 cells, and se-Indeed, the DNA-binding region of GATA-1 or GATA-2,
lected with G418 and ganciclovir (Fujiwara et al., 1996). G1G3ki ES
alone, is suf®cient to promote minimal differentiation (Vis- clones were identi®ed by Southern blot analysis using a 1.3 kb
vader et al., 1995). Similarly, partial rescue of the hemato- EcoRI fragment encompassing the 3* end of mouse GATA-1 cDNA
poietic defect of GATA-10 ES cells differentiated in vitro is (Tsai et al., 1989) as a probe. G1G3ki ES clones were injected into
observed following introduction of a variety of GATA- blastocyst to generate chimeras. Strong male chimeras mated with
cDNA transgenes lacking an activation domain (Blobel et C57Bl/6 wild-type females to generate F1 offsprings. In F1 off-
springs, all agouti female mice are G1G3ki // heterozygous mice.al., 1995). Complementation of the block to erythroid differ-
To generate G1G3ki male mice, the G1G3ki // heterozygous femaleentiation in a GATA-10 cell line by GATA-1 lacking an
mice were mated with C57Bl/6 wild-type males. Genotyping of``essential'' amino-terminal activation domain has led to
embryos and mice was performed by Southern blot analysis usingthe proposal that GATA-1 requires a transcriptional cofac-
Hind III for digestion.tor for its activity in hematopoietic cells (Weiss et al., 1997).
The recent characterization of a novel multitype zinc-®nger
protein, FOG, which interacts with the amino-®nger of
Analysis of G1G3ki Male Embryos and G1G3ki//GATA-1, as well as other GATA-factors, provides initial
Heterozygous Female Embryossupport for this hypothesis (Tsang et al., 1997).
The apparent interchangeability of GATA-factors under
Embryos dissected at various developmental stages were exam-
certain circumstances suggests that their different patterns ined grossly, and blood cells collected from yolk sac and embryos
of expression in vivo may account, in part, for their tissue- were stained with May-Grunwald-Giemsa solution for morphologi-
restricted roles. To test directly whether the function of cal examination. For histological analysis, tissues were ®xed in
GATA-1 can be replaced by another GATA-factor, we have 10% buffered formalin, embedded in paraf®n, sectioned at 5 mm
generated embryonic stem (ES) cells and mice in which hu- and stained with hematoxylin and eosin.
man GATA-3 (hGATA-3) cDNA has been introduced into
the GATA-1 locus by gene targeting such that its expression
at the RNA level mimics that of the endogenous GATA-1 In Vitro ES Cell Hematopoietic Differentiation
gene. This approach ensures that proper expression of the
In vitro hematopoietic differentiation of ES cells was performedheterologous factor is achieved during development, and
as described (Tsai and Orkin, 1997). ES cells were ®rst differentiatedobviates dif®culties inherent in the use of arti®cial rescue
in vitro for 7-10 days to form embryoid bodies (EBs) in the presenceconstructs and cell lines. Previous knock-in experiments
of c-kit ligand (KL) and IL-11. Single cells from disaggregated EBshave shown that the transcription factors myogenin and En-
were replated in media containing c-kit ligand (KL) and Epo for2 are able to replace the function of Myf5 and En-1 in rib
formation of erythroid colonies. Erythroid colonies were examined
cage and mid-hindbrain development, respectively (Hanks 4-8 days after replating. To analyze the expression levels of b-glo-
et al., 1995; Wang et al., 1996). Here, we show that a knock- bin, 30 de®nitive erythroid colonies were pooled for RNA isolation
in mutation of GATA-3 into the GATA-1 locus partially followed by RT-PCR assay (Weiss et al., 1994).
restores the expression of some target genes, such as glo-
bins, and forestalls apoptosis that is normally seen in
GATA-10 erythroid precursor cells. Nonetheless, terminal RNA Analyses
erythroid maturation is blocked, leading to embryonic le-
thality. Possible mechanisms accounting for these ®ndings Total RNA isolated from circulating blood cells at E10.5 were
subjected to RT-PCR analysis. Primers and the expected fragmentsare discussed.
for PCR reactions of globins, GATA-2, GATA-3, c-kit, and beta-
actin were as described (Weiss et al., 1994). Primers for GATA-1
ampli®ed nucleotides 652-940 of the cDNA which was not deleted
MATERIALS AND METHODS in G1G3ki allele. Primers for GATA-3 amplify both mouse and hu-
man GATA-3 sequences. Primer sequences are as previously de-
scribed (Weiss et al., 1994). For Northern blot analysis, total RNAGene Targeting Construct
isolated from MPLV-infected hematopoietic cell lines were hybrid-
ized with GATA-2 probe (nucleotides 254-955 of mouse GATA-2Fragments were cloned into a synthetic polylinker to facilitate
assembly of the targeting vector. The 5* and 3* homology regions cDNA), GATA-1 sequences (1.3 kb EcoRI fragment containing the
3* end of mouse cDNA), and GATA-3 probe (full-length humanwere as previously used to target the GATA-1 gene (Fujiwara et
al., 1996). Human GATA-3 cDNA, extending from the initiator GATA-3 cDNA).
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FIG. 1. Targeting GATA-3 cDNA into the murine GATA-1 locus. (A) Targeting construct; (B) Southern blot of embryo DNAs (see
Materials and Methods for details).
Immuno¯uorescence Analysis of Erythroid Cells of GATA-1 regulatory elements, and loss of GATA-1
mRNA translation. After electroporation followed by posi-
Erythroid cells obtained from 20 de®nitive erythroid colonies
tive-negative selection with G418 and ganciclovir, G1G3kiderived from two-step in vitro differentiation of ES cells were cytos-
clones were identi®ed at a frequency of  1% by Southernpun onto a glass slide and ®xed for immunostaining with antibodies
blot assay (data not shown). Representative genotypes fromto GATA-1 and GATA-3, as described (Weiss et al., 1997).
embryos are shown in Fig. 1B.
Immortalization of Hematopoietic Cell Lines
G1G3ki Mice Die at E11±13 with Anemia
Fetal liver buds from E10.5 embryos were cultured in methyl-
G1G3ki ES cells were injected into C57Bl/6 wild-type blas-cellulose containing medium (HCC-3230, StemCell Technolo-
gies Inc., Vancouver, B.C.) with kit-ligand, IL-11, IL-3, and eryth- tocysts to generate G1G3ki/wild-type chimeras. High per-
ropoietin for 7 days (Tsai and Orkin, 1997). Hematopoietic cells centage male chimeras were bred to wild-type female
were collected, rinsed with IMDM medium, and then co-cultured C57Bl/6 mice. Since the GATA-1 gene is located on the X-
with myeloproliferative leukemia virus (MPLV) producing cells chromosome (Chapman et al., 1990; Zon et al., 1989), fe-
(Souyri et al., 1990) in IMDM medium with 15% fetal calf serum, male progeny of 100% transmitters are G1G3ki // heterozy-
glutamine, kit-ligand, IL-11, and IL-3 for 5 days. Hematopoietic
gotes. Subsequent mating to wild-type male mice permittedcells in the co-culture were then transferred to medium without
assessment of the viability of F2 G1G3ki males. As summa-growth factors to select for MPLV-infected, growth-factor inde-
rized in Table 1, among 118 F2 pups of 17 litters, no G1G3kipendent cells.
males were found. Moreover, the number of G1G3ki// fe-
male mice was also underrepresented (Table 1). These ®nd-
ings reveal that all G1G3ki male mice, as well as a fractionRESULTS
(1/3) of G1G3ki// female mice, die in utero.
Timed matings, as summarized in Table 2, revealed thatTargeting GATA-3 cDNA into the GATA-1 Locus
G1G3ki male embryos die by E13.5. As shown in Figs. 2A-E,
the appearance of G1G3ki male yolk sacs and embryos wasA targeting construct was generated to introduce
hGATA-3 cDNA at the position of the initiator codon of intermediate between that of wild-type and GATA-10 em-
bryos. Rather than being entirely colorless as GATA-10 em-the X-chromosome encoded GATA-1 gene (Fig. 1A). A por-
tion of the second and third exons, and the entirety of the byros (Fig. 2C), they were pink (Figs. 2B and 2E) but less red
than wild-type (Figs. 2A and 2D). At E11.5-12.5, survivingsecond intron were deleted and replaced by a PGK-neomy-
cin resistance cassette ¯anked by loxP recognition sites (Gu G1G3ki male embryos were pale and smaller than lit-
termates, and displayed markedly enlarged pericardia (dataet al., 1994). The 5* and 3* homology regions were 2.2 and
3 kbs, respectively. An HSV-thymidine kinase cassette was not shown). Thus, G1G3ki embryos are embryonic lethal but
less severely affected than GATA-10 mutants.included in the construct to allow for negative selection
(Mansour et al., 1988). Authentic targeting would lead to Since at least one-third of G1G3ki// female embryos die
in utero (Table 1), we examined these embryos at variousexpression of GATA-3 cDNA expression under the control
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TABLE 1
Genotyping of the F2 Pups
Stage Litters Pups wt male G1G3ki male wt female G1G3ki// female
3 weeks 17 118 50 0 42 26
Note. G1G3ki male mice are embryonic lethal and one-third of G1G3ki// female mice die in uteri.
developmental stages to determine the cause of their death et al., 1996; Weiss et al., 1994; Weiss and Orkin, 1995).
Thus, G1G3ki erythroid cells are maintained initially at near(Table 2). All G1G3ki// female embryos appear grossly nor-
mal until E13.5. At E10-11.5 circulating blood contains a normal level, but fail to fully differentiate.
To assess the expression of various RNA transcripts, ery-mixture of mature and immature primitive erythroid cells
(data not shown). Beyond E15.5, most G1G3ki// female em- throid cells were recovered for RT-PCR analysis at E10.5.
As shown in Fig. 3, the expression of embryonic globinsbryos appear pale and display a decrease in the number of
total erythroid cells and increased numbers of immature (including bH1, z, and a) was roughly comparable in G1G3ki
and wild-type cells. In contrast, markers of immature hema-hematopoietic cells in the circulation (data not shown). Ap-
proximately one-third of G1G3ki// female embryos died topoietic cells, such as the c-kit receptor and transcription
factor GATA-2, were elevated (relative to non-translatablewith severe anemia after E15.5 (Table 2). Embryonic loss
to this extent is also characteristic of GATA-1//0 female GATA-1 transcripts or HPRT). As anticipated for the
knockin mutation (see below), the introduced hGATA-3heterozygotes (Fujiwara et al., 1996; and unpublished data,
Tsai and Orkin), and is best explained by random X-inacti- cDNA was expressed in G1G3ki erythroid cells. Endogenous
mGATA-3 transcripts, however, were undetectable.vation of the chromosome carrying the wild-type GATA-1
locus. The reduced ef®ciency of red blood cell production
leads to anemia and embryonic death.
hGATA-3 mRNA Is Highly Expressed in G1G3ki
Erythroid, but Not Myeloid, Cells
G1G3ki Yolk Sac Erythroid Cells Are Arrested at the We next sought to establish that the knocked-in hGATA-
Proerythroblast Stage, but Their Number Is 3 cDNA was expressed in a cell-restricted fashion and at a
Increased Compared with GATA-10 Mutants level approximating that of wild-type GATA-1 transcripts.
As this is dif®cult to analyze with the few blood cells ob-Circulating primitive erythrocytes of wild-type and
G1G3ki male yolk sacs/embryos were examined at E10.5. tained from embryos, we generated transformed hematopoi-
etic cell lines by infecting cells obtained from E10.5 fetalWhereas mature embryonic erythroid cells circulate in
wild-type embryos and yolk sac, G1G3ki embryos contain liver buds with the myeloproliferative leukemia virus
(MPLV) (Souyri et al., 1990). MPLV-transformed cell linescells largely arrested at the proerythroblast stage of develop-
ment with few cells differentiated to a later stage (Figs. 2F, established from early embryos display diverse phenotypes,
representing erythroid or myeloid lineages. From G1G3ki em-G; and see below). The total number of cells recovered from
G1G3ki male yolk sac/embryos was 70% that of wild-type bryos we obtained a cell line (designated G1G3ki-VE1) with
proerythroblast morphology and a mixture of proliferatingembryos of the same litters. At a similar stage, the total
cell number of GATA-10 embryos is 10% of wild-type, and apoptotic cells (Fig. 4A). A second G1G3ki-derived cell
line (designated G1G3ki-VM1) resembled early myeloid cells,due to extensive apoptosis of GATA-10 precursors (Fujiwara
TABLE 2
Genotyping of the F2 Embryos
Stage Litters Embryos (resorbed) wt embryos G1G3ki male G1G3ki// female
E10.5 2 22 (0) 7 7 8
E11.5 2 20 (1) 10 5 5
E13.5 2 13 (8) 9 0 4
E14.5 1 5 (3) 4 0 1 (pale)
E16.5 1 7 (3) 6 0 1 (pale)
E17.5 1 5 (1) 4 0 1 (dead)
Note. G1G3ki male embryos die at E11±13 with anemia and some G1G3ki// female embryos suffer from severe anemia at late embryonic
stage.
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FIG. 2. Phenotypes of wild-type, G1G3ki, and G10 yolk sac, embryos, and circulating blood cells at E10.5. Intact yolk sac of wild-type
(A), G1G3ki (B), and G10 (C) at E10.5. Embryos of wild-type (D) and G1G3ki (E) at E10.5. May-Grunwald-Giemsa-stained blood cells from
wild-type (F) and G1G3ki (G) at E10.5. Magni®cation of cells, 4001.
which proliferated well and appeared fully uniformly viable
(Fig. 4B). As a control, we used a proerythroblast-like cell
line (G20/0-VE1) derived from GATA-20/0 hematopoietic
cells carrying human bcl-2 cDNA driven by the EF-1a pro-
moter (Fig. 4C). RNA samples from these lines were then
subjected to Northern blot analysis using probes speci®c
for GATA-1, GATA-2, or GATA-3 sequences. As shown in
Fig. 5, G1G3ki-VE1 cells express a transcript (G3G1) con-
taining both hGATA-3 and GATA-1 cDNA sequences, but
no full-length (i.e. normal) GATA-1 mRNA (Fig. 5, lanes 1,
3). G1G3ki-VM1 cells express no detectable G3G1 tran-
script (Fig. 5, middle panel, lane 2). Both G1G3ki-VE1 and
G1G3ki-VM1, which represent committed but immature he-
FIG. 3. Expression of embryonic globins, c-kit, GATA-2, and matopoietic cells, express high levels of GATA-2 mRNA
GATA-3, in circulating blood cells of wild-type (w) and G1G3ki (ki) (Fig. 5, right panel, lanes 1, 2). Control experiments show
at E10.5. RNA isolated from circulating blood cells of wild-type that G20/0-VE1 cells express normal GATA-1 mRNA but
and G1G3ki embryos at E10.5 were subjected to RT/PCR analysis
no detectable GATA-2 or hGATA-3 transcripts (all panels,for embryonic globins, c-kit, GATA-2, and GATA-3. The expres-
lane 3). These ®ndings demonstrate that the knocked-insion levels of beta-actin, GATA-1 (coding region nucleotide 652±
hGATA-3 cDNA is selectively expressed in erythroid, but940), and HPRT serve as internal control for RT/PCR. Z, z-globin;
A, a-globin; BH1, bH1-globin; B major, adult b-globin. not myeloid, cells. From comparison of G3G1 and GATA-
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FIG. 4. MPLV-infected hematopoietic cell lines from fetal liver buds. Hematopoietic cells from fetal liver buds were cocultured with
MPLV producing cells in the presence of kit ligand, IL-11, and IL-3. The established MPLV-infected cell lines were classi®ed by morphologi-
cal examination of May-Grunwald-Giemsa-stained cells. (A) G1G3ki proerythrobalst cell line; (B) G1G3ki myeloid cell line; (C) G20/0 proeryth-
roblast cell line carrying Bcl-2 transgene (unpublished data, Tsai and Orkin). Magni®cation of cells, 4001.
1 transcripts (Fig. 5, GATA-1), we estimate that the mutated derived from G1G3ki ES cells (Figs. 6B and E), as well as
G1G3ki allele is expressed at 50% or greater the normal from GATA-10 ES cells, (Figs. 6C and F) appear essentially
level of GATA-1. We conclude that the knocked-in hGATA- colorless (or light brown), involuted, and contain only pro-
3 sequences are expressed appropriately, that is, in a fashion erythroblast-like cells: In contrast, wild-type primitive and
mimicking endogenous GATA-1 expression. de®nitive colonies are visibly hemoglobinized (Figs. 6A and
D). Mature erythroid cells are present in wild-type de®nitive
erythroid colonies (Fig. 6G), but are absent in G1G3ki and
De®nitive G1G3ki Erythroid Development Is GATA-10 de®nitive erythroid colonies (Figs. 6 H,I). Despite
Partially Rescued, as Revealed by Two-Step a block to morphological differentiation in G1G3ki erythroid
in Vitro Differentiation of ES Cells cells resembling that seen in GATA-10 precursors, the level
of b-globin transcripts in pooled de®nitive erythroid colo-Since G1G3ki male embryos die before fetal liver hemato-
nies was approximately 3-fold higher, best appreciated bypoiesis is established (Table 2), we performed two-step in
comparing the ratio of b-globin and actin transcripts (Fig.vitro differentiation of ES cells to assess the development
7). Thus, expression of hGATA-3 cDNA under the controlof G1G3ki de®nitive erythroid precursors (Keller et al., 1993).
of the GATA-1 regulatory sequences leads to a modest en-In this assay, primitive and de®nitive erythroid colonies
hancement in globin RNA accumulation relative to the ab-
sence of GATA-1 alone.
To verify that hGATA-3 protein was, indeed, expressed
from the knockin allele, as predicted from the RNA analysis
presented above, we performed immunostaining of ery-
throid cells obtained from in vitro differentiation assays. As
shown in Fig. 8, G1G3ki cells express hGATA-3 (D), but not
mouse GATA-1 (C), protein, whereas wild-type cells express
GATA-1(A) but not GATA-3 (B). These ®ndings provide
independent support for the proper expression of the
knocked-in hGATA-3 cDNA. To exclude effects of the se-
lection cassette located just downstream of the GATA-3
cDNA on expression from the locus, we introduced a cre-
expression plasmid into ES cells and isolated G1G3ki clones
lacking the neomycin-resistance gene (Gu et al., 1994; Shi-
vadasani et al., 1997). In vitro erythroid differentiation of
FIG. 5. Expression of GATA-1, GATA-3, and GATA-2 in MPLV- these clones was indistinguishable from those retaining the
infected hematopoietic cell lines. RNAs isolated from (1) G1G3ki neomycin-cassette (not shown). Therefore, the presence of
proerythrobalst cell line, G1 (G3ki) VE1; (2) G1G3ki myeloid cell a neomycin-selection cassette downstream of the hGATA-
line, G1 (G3ki) VM1; and (3) G20/0 proerythroblast cell line con- 3 cDNA did not impair its expression in the targeted locus.
taining a Bcl-2 transgene, G20/0 VE1, were subjected to Northern
Consistent with the results from in vitro differentiationblot analysis for GATA-1, GATA-3, and GATA-2 transcripts. 15 mg
assays, G1G3ki cells collected from fetal liver buds at E11-of total RNA was loaded for each sample. G3±G1, fusion transcript
12 generate myeloid cells and immature erythroid cells, butcontaining a full length of GATA-3 and 3* end of GATA-1; G1,
GATA-1 mRNA; G2, GATA-2 mRNA. not mature erythroid cells upon hematopoietic colony
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8842 / 6x39$$$$41 03-26-98 23:14:23 dba
224 Tsai, Browne, and Orkin
FIG. 6. Primitive and de®nitive erythroid colonies derived in vitro from wild-type, G1G3ki, and G10 ES cells. Primitive (A±C) and de®nitive
(D±F) erythroid colonies and morphology of de®nitive cells (G±I) obtained from in vitro differentiated wild-type (A, D, G), G1G3ki (B, E,
H), and GATA-10 (C, F, I) ES cells. Magni®cation of colonies, 2001.
assays in methylcellulose medium containing KL, IL11, IL3 performed in vitro or with heterologous cell systems. The
and Epo (data not shown). generation of knockout mice by gene targeting has pro-
vided a powerful, and widely exploited, route to dissecting
in vivo gene function (Capecchi, 1989). Knock-in muta-DISCUSSION
tions, in which an endogenous gene is replaced with other
gene sequences, offer the potential to assess functional in-It is often dif®cult to extrapolate with con®dence the in
terchangeability of related genes and to test the order ofvivo function of various gene products from experiments
genes in a linear pathway respectively (Hanks et al., 1995;
Wang et al., 1996). An obvious advantage of the knock-in
approach, as compared with transgenic methods, is the
faithful regulation of the introduced sequences in a manner
paralleling that of the replaced gene. Prior knock-in experi-
ments have demonstrated that under optimal circum-
stances apparently complete interchangeability of func-
tion can be achieved by related genes (Hanks et al., 1995;
Wang et al., 1996).
Our goal in the experiments reported here was to assess
the extent to which GATA-1 function might be replaced in
FIG. 7. The expression of b-major globin transcripts in de®nitive vivo by the related protein GATA-3. The choice of these
erythroid cells derived from wild-type, G1G3ki, and GATA-10 ES
genes is of particular interest in that the encoded proteinscells. Semiquantitative RT/PCR was performed using 18 (1, 3, 5)
function similarly in various transfection and cellularor 19 (2, 4, 6) cycles to compare b-globin relative to actin transcripts
assays and are both required for hematopoietic develop-in de®nitive erythroid cells derived from in vitro differentiation of
wild-type (1 and 2), G1G3ki (3 and 4), and G10 (5 and 6) ES cells. ment, but in different lineages (Fujiwara et al., 1996; Pevny
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FIG. 8. Immuno¯uorescent detection of GATA-1 and GATA-3 proteins in erythroid cells derived from wild-type and G1G3ki ES cells.
Erythroid cells derived from wild-type (A and B) and G1G3ki (C and D) ES cells were immunostained with GATA-1 antibody (A and C)
and GATA-3 antibody (B and D) as described (Weiss et al., 1994).
et al., 1991; Shivadasani et al., 1997; Weiss et al., 1994; cue. In the instance described here, demonstrable, but only
partial, restoration of GATA-1 loss of function was achievedZheng and Flavell, 1997). Whereas GATA-1 is essential for
both erythroid and megakaryocytic maturation, GATA-3 is by substitution of expressed hGATA-3 cDNA . We conclude
that expressed hGATA-3 protein is competent to replaceonly required for the development of T-lymphoid cells,
where it is critical at a very early stage in their speci®cation some functions normally provided by GATA-1 in erythroid
cells. The incomplete extent of rescue could be due eitheror commitment. We have shown that GATA-3 knockin
(G1G3ki) embryos, though embryonic lethal, have a pheno- to qualitative differences in the functions of GATA-1 and
GATA-3 proteins, quantitative aspects related either totype which is less severe than that seen from loss of GATA-
1 alone. Thus, expression of GATA-3 sequences under the GATA-3 mRNA accumulation and/or translatability, or
protein accumulation or stability, or any combination ofcontrol of GATA-1 regulatory elements permits substantial
rescue of erythroid cell number and globin RNA accumula- these factors. Our experiments reveal cell-speci®city and
near-normal levels of the knocked-in human GATA-3tion, though morphological maturation remains incom-
plete. Study of immortalized G1G3ki cells established both mRNA sequences (relative to the normal level of GATA-1
RNA in erythroid precursors) (Figs. 5, 8). It is quite likelythe cell-speci®city and high level expression of hGATA-3.
The level of G1G3ki transcripts is similar to that of GATA- that insuf®cient accumulation of GATA-3 protein, how-
ever, accounts at least in part for the observed phenotype1 mRNA in wild-type proerythroblasts. hGATA-3 protein
is detectable by immunostaining of G1G3ki erythroid cells, of the knock-in mutant embryos, because even a modest (
4-fold) decrease in GATA-1 expression in erythroid cellsalthough its abundance relative to the normal level of
GATA-1 protein has not been determined, and is exceed- retards cellular maturation beyond the proerythroblast
stage (McDevitt et al., 1997). In addition, in other experi-ingly dif®cult to assess with current tools.
Knock-in experiments are most readily interpretable ments in which we have attempted to force GATA-3 expres-
sion in the G1E GATA-10 erythroid cell line (Weiss et al.,when gene replacement leads to complete phenotypic res-
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scription factor gene (Gf-1) to the proximal region of the X chro-1997; unpublished data, M. Weiss and S. H. O.), we have
mosome of mice. Genomics 9, 309±313.been unable to achieve high-level protein accumulation of
Crossley, M., Merika, M., and Orkin, S. H. (1995). Self-associationGATA-3 using vectors that routinely led to near-normal
of the erythroid transcription factor GATA-1 mediated by itslevels of accumulated GATA-1 protein. Taking these ®nd-
zinc-®nger domains. Mol. Cell. Biol. 15, 2448±2456.ings in consideration, we speculate that translatability of
Evans, T., and Felsenfeld, G. (1989). The erythroid-speci®c tran-
mRNA or stability of protein may be intrinsically greater scription factor eryf1: A new ®nger protein. Cell 58, 877±885.
for GATA-1 relative to GATA-3. Evans, T., and Felsenfeld, G. (1991). Trans-activation of a globin
Despite these complications, the partial rescue noted in promoter in non-erythroid cells. Mol. Cell. Biol. 11, 843±853.
G1G3ki mice (Fig. 2) argues that there is no strict cell-speci- Fujiwara, Y., Browne, C. P., Cunniff, K., Goff, S. C., and Orkin, S. H.
®city of action of GATA-3 protein--that is, it is functional (1996). Arrested development of embryonic red cell precursors in
mouse embryos lacking transcription factor GATA-1. Proc. Natl.when expressed in an erythroid cellular environment and is
Acad. Sci. USA 93, 12355±122358.competent to act on at least a subset of erythroid-expressed
Gu, H., Marth, J. D., Orban, P. C., Mossmann, H., and Rajewsky,target genes in vivo. GATA-1 and GATA-3 proteins are
K. (1994). Deletion of a DNA polymerase b gene segment in Thighly similar only within their two ®nger DNA-binding
cells using cell type-speci®c gene targeting. Science 265, 103±domains, regions that display remarkably similar, though
106.distinguishable, binding speci®cities (Ko and Engel, 1993;
Hanks, M., Wurst, W., Anson-Cartwright, L., Auerbach, A. B., and
Merika and Orkin, 1993). Since a chimeric protein com- Joyner, A. L. (1995). Rescue of the En-1 mutant phenotype by
prised of the GATA-3 DNA-binding domain embedded replacement of En-1 with En-2. Science 269, 679±682.
within the body of GATA-1 fully rescues differentiation of Ho, I.-C., Vorhees, P., Marin, N., Oakley, B. K., Tsai, S.-F., Orkin,
the GATA-10 erythroid cell line G1E (Weiss et al., 1997), S. H., and Leiden, J. M. (1991). Human GATA-3: A lineage-re-
differences in DNA-binding speci®city detected by in vitro stricted transcription factor that regulates the expression of the
T cell receptor a gene. EMBO J. 10, 1187±1192.assays do not appear to be of overriding functional signi®-
Ito, E., Toki, T., Ishihara, H., Ohtani, H., Gu, L., Yokoyama, M.,cance in vivo.
Engel, J. D., and Yamamoto, M. (1993). Erythroid transcriptionThe ability of GATA-3 protein to replace some aspects
factor GATA-1 is abundantly transcribed in mouse testis. Natureof GATA-1 function in an erythroid environment, therefore,
362, 466±468.most likely can be accounted for by common interactions
Keller, G., Kennedy, M., Papayannopoulou, T., and Wiles, M. V.of these proteins with other proteins within larger transcrip-
(1993). Hematopoietic differentiation during embryonic stem cell
tional complexes. Prior studies have demonstrated that the differentiation in culture. Mol. Cell Biol. 13, 472±486.
DNA-binding domains of various GATA-factors, including Ko, L., and Engel, J. (1993). DNA-binding speci®cities of the GATA
GATA-3, mediate homotypic and heterotypic interactions transcription factor family. Mol. Cell. Biol. 13, 4011±4022.
with GATA-proteins (Crossley et al., 1995) and interactions Ko, L. J., Yamamoto, M., Leonard, M. W., George, K. M., Ting, P.,
with a variety of other zinc ®nger proteins (Merika and and Engel, J. D. (1991). Murine and human T-lymphocyte GATA-
3 factors mediate transcription through a cis-regulatory elementOrkin, 1995), such as Sp1, EKLF, and the presumptive ery-
within the human T-cell receptor d gene enhancer. Mol. Cell.throid/megakaryocytic GATA-1 cofactor, FOG (Tsang et
Biol. 11, 2778±2784.al., 1997). Elucidation of the common and disparate func-
Kuo, C. T., Morrisey, E. E., Anandappa, R., Sigrist, K., Lu, M. M.,tions of GATA-proteins in other developmental settings
Parmacek, M. S., Soudais, C., and Leiden, J. M. (1997). GATA4will have to await further functional analyses, either in ap-
transcription factor is required for ventral morphogenesis andpropriate cell lines or in whole animals.
heart tube formation. Genes Dev. 11, 1048±1060.
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